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Genomic imprinting at the Igf2/H19 locus originates from allele-specific DNA methylation, which modifies
the affinity of some proteins for their target sequences. Here, we show that AT-rich DNA sequences located in
the vicinity of previously characterized differentially methylated regions (DMRs) of the imprinted Igf2 gene are
conserved between mouse and human. These sequences have all the characteristics of matrix attachment
regions (MARs), which are known as versatile regulatory elements involved in chromatin structure and gene
expression. Combining allele-specific nuclear matrix binding assays and real-time PCR quantification, we show
that retention of two of these Igf2 MARs (MARO and MAR?2) in the nuclear matrix fraction depends on the
tissue and is specific to the paternal allele. Furthermore, on this allele, the Igf2 MAR2 is functionally linked
to the neighboring DMR2 while, on the maternal allele, it is controlled by the imprinting-control region. Our
work clearly demonstrates that genomic imprinting controls matrix attachment regions in the Igf2 gene.

On the distal part of mouse chromosome 7, the Igf2 and H19
genes are separated by 72 kbp. At this locus, imprinting orig-
inates from paternal germ line-specific methylation that im-
pairs the binding of a protein factor (CTCF) to the intergenic
imprinting-control region (ICR). On the maternal allele, bind-
ing of CTCF results in activation of an insulator, which pre-
vents Igf2 expression by blocking promoter access to a set of
enhancers located downstream of H19 (2, 14). Thus, Igf2 gene
expression is restricted to the paternal allele, whereas H19 is
maternally expressed. However, Igf2 imprinting also involves
additional differentially methylated regions (DMR0O, DMRI,
and DMR?2) that control regional epigenetic modifications in a
hierarchical and tissue-specific fashion (19). DMRI, located
upstream of the fetal Igf2 promoters, is preferentially methyl-
ated on the paternal allele and acts as a methylation-sensitive
silencer in several mesodermal tissues (5). DMR2 maps to
exons 5 to 6 and augments transcription on the methylated
paternal allele (24). Finally, DMRO is maternally methylated in
the placenta and overlaps the placenta-specific PO promoter
(23). All these DMRs display tissue-specific methylation pat-
terns, and we have recently proposed that their methylation
profiles are regionally coordinated through long-range chro-
matin interactions (19).

Here, we identify intragenic AT-rich DNA sequences in the
Igf2 gene that are contiguous to previously identified DMRs.
These sequences have all the characteristics of matrix attach-
ment regions (MARs) and are conserved in humans. MARs
are operationally defined in MAR assays by their ability to
associate to a nuclear matrix or scaffold (17) and have been
implicated in the regulation of chromatin structure and gene
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expression. They are frequently associated with enhancers (4,
10, 11) and promote chromatin accessibility and histone acet-
ylation (7, 9, 15, 20, 26). MARs may also sometimes act as
boundaries, preventing the spreading of potential repressive
effects from the adjacent chromatin (25). In this work, using
allele-specific genomic MAR assays, we show that genomic
imprinting controls nuclear matrix association in the Igf2 gene,
most likely reflecting the presence of allele-specific MAR bind-
ing proteins in vivo.

MATERIALS AND METHODS

Genomic MAR assays. For each assay, samples were obtained from several
mice, and nuclei were isolated as previously described (21). For nuclear halo
preparation, we adapted a procedure from the NaCl method (22) (see below).
Three major modifications of the standard procedure proved crucial for improv-
ing the reliability of the MAR assays. First, nuclei are kept very diluted to
prevent aggregation. Second, each assay is performed in a single filtration unit to
avoid centrifugation. Finally, matrix-associated DNA is carefully quantified by
real-time PCR.

We incubated 10° nuclei on ice for 15 min in 1 ml of permeabilization buffer
(10 mM Tris-HCI [pH 7.4], 3 mM MgCl,, 100 mM NaCl, 0.3 M sucrose, 0.5%
Triton X-100) and stabilized at 37°C for 20 min. Stabilized nuclei were trans-
ferred in a 2-ml Ultrafree-CL filter (low-binding Durapore polyvinylidene diflu-
oride membrane 0.22 wm) and filtered by applying a gentle pressure on the top
of the tube using a rubber piston. Nuclei were then extracted with 1 ml of
high-salt buffer (20 mM Tris-HCI pH 7.4, 2 M NaCl, 10 mM EDTA, 0.125 mM
spermidine) to obtain nuclear halos. Each nuclear halo arises from a single
nucleus and consists of a nuclear matrix surrounded by histone-depleted DNA
loops that remain bound to the nuclear matrix by matrix attachment regions
(MARs). Nuclear halos were washed four times on the filter with 1 ml of
restriction buffer and treated with 500 U of appropriate restriction enzymes per
ml for 3 h (see Fig. 2A). Digestion with Xbal, HindIIl, and BamHI was per-
formed in 6 mM Tris-HCI (pH 7.4)-6 mM MgCl,-50 mM NaCl-0.2 mM sper-
midine and digestion with HindIII and PstI was performed in 50 mM Tris-HCI
(pH 8.0)-10 mM MgCl,—50 mM NaCl-0.2 mM spermidine.

Loop DNA (supernatant fraction) was isolated from nuclear matrices (pellet
fraction) by ultrafiltration (Ultrafree-CL). Matrices remaining on the filter were
washed in 1 ml of digestion buffer. DNA from both fractions was purified by
proteinase K treatment and phenol-chloroform extraction and recovered by
ethanol precipitation. Half of the DNA was loaded on agarose gel to control each
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assay; no more than 5% of total DNA should be retained in the matrix fraction.
For precise mapping of nuclear matrix-attached sequences, the nuclear halos
were digested with DNase I (Fig. 2B). Nuclear halos were washed four times on
the filter in 1 ml of digestion buffer (10 mM Tris-HCI, pH 7.4, 100 mM NaCl, 25
mM KCl, 1 mM CaCl,, 0.25 mM spermidine) and treated with 50 U of DNase I
(Sigma) for 50 min at 4°C. Digested matrices were washed three times in 1 ml of
digestion buffer, and matrix-associated DNA was purified by proteinase K treat-
ment and phenol-chloroform extraction and recovered by ethanol precipitation.
DNA was loaded on agarose gel to check the size of matrix-associated fragments.

Quantitative analysis of MAR attachment. For each MAR assay, target DNA
sequences were quantified by real-time PCR with a SYBR Green mix and a
LightCycler apparatus (Roche Molecular Biochemicals, software version 3.5).
Melting curves were systematically performed to check for proper amplifications.
For the restriction enzyme method, 1/50 of the DNA from the supernatant and
pellet fractions was amplified with indicated primers, and we calculated the ratio
of the quantifications in the pellet fraction versus the supernatant fraction. To
standardize each assay, ratio values were normalized against the ratio obtained
for a negative control, which is a sequence located upstream of Igf2 between the
Ins and RpL13 genes with no predicted MAR. The well-characterized MAR of
the Igk gene (4) was used as a positive control, and gapdh was used to assess the
basal enrichment of highly transcribed genes in the matrix fraction (see Fig. 3A,
right panel).

For the DNase I method, we carefully selected matrix-associated DNA frag-
ments of size ranging between 600 and 2500 bp on agarose gels to avoid PCR
bias. 1/50 of the DNA was amplified with indicated primers. To standardize each
assay, values were normalized to the Igk MAR. A control was performed on 600-
to 2,500-bp DNA fragments from total genomic DNA treated with DNase I to
check the lack of PCR bias (Fig. 3B, left panel).

The primer sequences were as follows: MARO, 5'-GACTGCCTCACTCTGA
TAAGC-3" and 5'-CCCACTAGTCTCTACCCTTTGCAC-3'; DMRO, 5'-TGG
GTAGGTGGCTGGGGACTT-3' and 5'-CAGCTGTGTACTCCTGCTGGGA
AG-3"; U2, 5'-CTCTAGCACAGGAGCATCAGAGCTC-3' and 5'-CTGCCTC
GTGTCTGCTTGGC-3'; MARI, 5'-CCCGTGTTGCTCATGCCTGG-3" and
5'-GGGTTCCTAAATTATGGGGCCTG-3'; DMR2, 5'-GGAGCTTGTTGAC
ACGCTTCAG-3' and 5'-GGATGGCCAAGGTCCAGCTCTC-3'; MAR2, 5'-
CCTGCTGACTAGCACCTCCTCTC-3" and 5'-GTGATGGAACTGTCCCTG
CTC-3'; Igf2 3', 5'-CTCTGAGGAACCCAGAGGGTAG-3" and 5'-GGGACA
GACTCTAGCATAGC-3'; MAR3, 5-GGTTCAAGTGAGAACTGTCCTC
C-3' and 5'-GTAGAGGCATGGCAGCAACC-3'; ICR, 5'-GCACATCTATGA
GGACACCTGAC-3" and 5'-GACAGTGCAAAACAGGTGAACCC-3'; Igk,
5'-CTCCTAGGCAGGTGGCCCAG-3' and 5'-GGACAGGCCTTAAGCCAG
GG-3’; negative control, 5'-CCTGCCACACCAAGACTATC-3’ and 5'-TCTA
GGCCCTCTTCCATCTC-3'; and Gapdh, 5'-ACAGTCCATGCCATCACTGC
C-3' and 5'-GCCTGCTTCACCACCTTCTTG-3'.

Quantification of relative allele abundance. To assess the allelic specificity of
MAR attachment, we performed MAR assays on nuclei from hybrid mice ob-
tained by mating C57BL/6] X CBA F, Mus musculus domesticus with SD7 mice.
SD7 is a congenic C57BL/6J X CBA strain harboring the distal part of Mus
spretus chromosome 7. For quantification of relative allele abundance, primers
for real-time PCR were designed on either side of a polymorphic restriction site
(Fig. 2). The relative proportion of both alleles was deduced from quantifications
on undigested DNA and DNA digested with the polymorphic enzyme. One-fifth
of the DNA from the pellet fraction was treated or not with 30 U of polymorphic
enzyme for 3 h. For each primer pair, the reliability of the method was assessed
with total genomic DNA to verify that quantification gives a 1:1 allelic ratio (not
shown).

For MAR2 and MAR3, amplification biases for the domesticus versus spretus
alleles were detected and carefully corrected with a mathematical model (31)
adapted from reference 30. The bias values are 0.47 (MAR2) and 2.18 (MAR3).
Primer sequences were as follows: DMRO primers around the BamHI*SP7 site
for MARO; DMR2 primers around the EcoNI*SP7 site for MAR?2; 5'-CCTGG
AAGCTGATGATCCTTGG-3" and 5'-GACACCAAACCCAATCATGGTAG
C-3' primers around the Dral*SP7 site for MAR3; 5'-CAGGACTCCAAAATC
GGGACTC-3' and 5'-CCAGCTAGGAAGACCGGTATGG-3' primers around
the Dral*SP7 site for MARI1.

RESULTS

Potential matrix attachment regions at the Igf2/HI9 locus.
Bioinformatics analysis of the entire mouse Igf2/HI19 locus
predicted only four MARs located in and around the Igf2 gene
(Fig. 1A). Remarkably, the first three (MARO, MARI, and
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FIG. 1. Conserved potential MARs in the murine and human Igf2
loci. Murine (A) and human (B) Igf2 sequences were analyzed with the
MAR-Wiz software (version 1.5 [www.futuresoft.org]). A window size
of 300 bp stepped at 50-bp intervals was used. The line graph shows the
MAR potential score versus nucleotide position. For the murine gene
(A), the MARS3 potential peak was clipped to 50% of the maximum.
The gene structures are shown below the graphs (solid boxes, exons;
open boxes, DMRs).

MAR?2) map next to the three Igf2 DMRs, which are important
for Igf2 gene expression and/or imprinting (5, 24). The last one
(MAR3) lies 8 kbp downstream of Igf2. Potential MARO,
MARI, and MAR3 have previously been described to bind in
vitro to purified nuclear matrices (13). Potential MARI,
MAR?2, and MARS3 are conserved in human, where they map
at equivalent positions relative to /GF2 DMRs and exons (Fig.
1B), whereas potential MARO, which is located in a divergent
region upstream of the mouse Igf2 gene (23), is not found in
the human gene.

Tissue-specific patterns of matrix association in the Igf2
gene during mouse development. Combining an improved nu-
clear matrix binding assay and real-time PCR quantification
(Fig. 2 and Materials and Methods), we first analyzed nuclear
matrix attachment in the mouse liver at three perinatal stages:
embryonic day 15.5 and day 7.5 or 30 after birth. We have
previously shown by run-on experiments that the Igf2 gene is
actively transcribed in embryonic and early postnatal stages,
but completely repressed after postnatal day 18 (21). Interest-
ingly, each potential MAR at the Igf2 locus showed a specific
attachment pattern (left panel of Fig. 3A).
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FIG. 2. MAR assays. We extracted 10° nuclei from a tissue sample
with 2 M NaCl. The resulting nuclear halos were digested with restric-
tion enzymes (A). Matrix-bound DNA (pellet, P) was isolated from
loop DNA (supernatant, S) by ultrafiltration (see Materials and Meth-
ods). The relative enrichment of target sequences in the pellet fraction
was determined by real-time quantitative PCR. For allele-specific
MAR assays, primers were designed on either side of polymorphic
restriction sites and quantifications were performed on DNA from the
pellet fraction undigested or digested with the polymorphic enzyme
(see Materials and Methods). Alternatively, for precise mapping of
nuclear matrix attachments, nuclear halos were digested with DNase 1
before performing real-time PCR quantifications on the pellet fraction
(B). Pictures show nuclei, nuclear halos, and restriction enzyme-
treated halos stained with Hoechst. Scale bars, 10 pm.

The extragenic MAR3 maintained high nuclear matrix at-
tachment levels throughout the period, while the predicted
MARO and a restriction fragment containing the U2 exon of
Igf2 remained unbound. Conversely, MAR1 and MAR?2 at-
tachments are modulated during the perinatal period in mouse
liver. At embryonic day 15.5, no nuclear matrix association of
MARI1 or MAR2 was detected. In contrast, in a 7.5-day-old
mouse liver, MAR2 was attached to the nuclear matrix at a
relative level threefold higher than the negative control. How-
ever, the 3" part of the gene is also weakly retained in the
nuclear matrix fraction, suggesting that a carryover may occur
for DNA fragments around MAR?2.

To define more precisely the intragenic attachment region, a
genomic MAR assay was performed on 7.5-day-old mouse
liver, and genomic DNA retained in the nuclear matrix was
treated with DNase I (see Fig. 2B and Materials and Methods).
With an additional PCR primer pair within the predicted
MAR? sequence, we confirmed that intragenic attachment is
indeed located at MAR2, immediately adjacent to the differ-

GENOMIC IMPRINTING CONTROLS Igf2 MARs 8955

entially methylated region 2 of Igf2 (Fig. 3B). This attachment
is lost in 30-day-old mouse liver, where Igf2 is repressed, when,
surprisingly, MAR1 becomes attached to the nuclear matrix
(Fig. 3A, left panel).

Since the predicted MARO was not found attached in liver
and because the adjacent promoter (P0) and DMR (DMRO)
are placenta specific (23), we analyzed the pattern of Igf2 MAR
attachment in the placenta at embryonic day 18.5. As expected,
MARO was highly associated with the nuclear matrix in the
placenta (Fig. 4), while MAR1 and MAR2 were not or very
weakly associated. Again, as in the liver, MAR3 showed a high
attachment level in the placenta.

In some instances, MARs are known to have insulator ac-
tivities (33). Thus, as previously suggested (6), we tested if the
insulator upstream of HI9 was bound to the nuclear matrix,
even though no MAR was predicted in this region. We found
that the ICR is very weakly associated with the nuclear matrix
in mouse liver (Fig. 3A, left panel), and thus its insulator
function is unlikely to result from MAR activity.

Genomic imprinting controls nuclear matrix association of
Igf2 MARs. We then investigated the possibility that nuclear
matrix attachments could be restricted to one of the parental
alleles. MAR assays were performed on liver nuclei from 7.5-
day-old hybrid mice obtained by mating a Mus musculus do-
mesticus female with an SD7 male (Fig. 2A). SD7 is a congenic
C57BL/6J X CBA strain harboring the distal part of Mus
spretus chromosome 7. We calculated the proportion of each
parental allele in the matrix-associated DNA fraction by using
polymorphic restriction sites and real-time PCR quantification
(see Materials and Methods). In the case of MAR3, both
alleles were found to be equally retained in the nuclear matrix
(Fig. 5A). In contrast, MAR?2 clearly showed a preferential
attachment of the paternally expressed Igf2 allele in 7.5-day-
old mouse liver (Fig. 5B, left panel). Given the background
level of our assay (see negative control in Fig. 3A, right panel),
we conclude that MAR?2 is not significantly attached on the
maternal allele.

Hybrid mice obtained from the reverse cross (SD7 female X
Mus musculus domesticus male) gave identical results (Fig. 5B,
right panel), confirming that this allelic specificity is due to
parental imprinting and not to a genotype-specific effect. The
influence of genomic imprinting on MAR2 attachment was
then directly tested with liver samples from hybrid mice carry-
ing a maternal transmission of the H19A13 deletion (18),
where Igf2 has lost imprinting and shows biallelic expression
due to the removal of the imprinting-control region (28, 29). In
these samples, MAR2 attachment level is increased (Fig. 5C,
left panel), as both parental alleles were recovered from the
nuclear matrix fraction (Fig. 5C, right panel).

To determine on which allele MARO is attached in the
placenta, we performed MAR assays on nuclei from the pla-
centa of hybrid mice. Attachment of a new restriction frag-
ment, containing the two major predicted peaks for MARO
(see Fig. 1A) and a polymorphic restriction site, was quanti-
fied. We first saw that MARO had a higher attachment level in
this assay than in the first one (compare Fig. 4 and Fig. 5D, left
panel), suggesting that MARO may extend further from the
previously described fragment (13), into the surrounding pre-
dicted peaks. Importantly, MARO was shown to be almost
exclusively attached on the expressed paternal allele (Fig. 5D,
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FIG. 3. Matrix association patterns of Igf2 MARs during liver development. Below the bar graphs, the positions of restriction sites (vertical
bars), real-time PCR-amplified sequences (small horizontal bars), potential MARs, and exons (solid boxes) are indicated. (A) Nuclear halos
prepared from liver nuclei at the indicated developmental stages were digested with Xbal, HindIll, and BamHI. The graph shows the relative
matrix attachment levels, expressed as the ratio between the amount of target sequence in the loop (S) and MAR fractions (P) after normalization
to a negative control (NC), which was given the value of 1 (see Materials and Methods). In our assays, highly expressed genes such as gapdh and
H19 (not shown) are weakly retained in the matrix fraction relative to the negative control. Error bars show the standard deviation for four
(embryonic days 15.5 and 7.5) and two (embryonic day 30) independent experiments. In this experiment, MAR?2 enrichment was investigated with
the DMR2 primers located in the same restriction fragment. (B) Nuclear halos prepared from 7.5-day-old mouse liver were treated with DNase
I. The left panel shows PCR quantifications on matrix-associated DNA, normalized to the Igk MAR. A control performed on total genomic DNA
is also shown (right panel). Error bars show the standard deviation for two independent experiments.

right panel). Noteworthy, the neighboring DMRO is known to
be mostly unmethylated on the paternal allele in the placenta
(23), whereas in liver, DMR?2 is highly methylated on that
allele (8, 32). Thus, like MAR2 in liver, MARO attachment

Relative attachment level
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=
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FEFF

FIG. 4. Matrix association patterns of Igf2 MARs in placenta. Nu-
clear halos were prepared from placenta at embryonic day 18.5 and
analyzed as described for Fig. 3A. Error bars show the standard devi-
ation for two independent experiments.

occurs on the paternal Igf2 allele, although the adjacent DMR
shows the converse allelic methylation pattern.

Finally, MAR1 attachment occurs equally on both parental
alleles in wild-type 30-day-old mouse liver (data not shown).
As the global attachment level of this MAR is low (see Fig.
3A), each allele is actually weakly associated compared to the
matrix-associated alleles in MAR2 and MAR3.

To gain further insight into the mechanisms by which MARs
are linked to Igf2 imprinting, we investigated potential rela-
tionships between Igf2 MAR?2 and the adjacent DMR2. To this
end, MAR assays were performed on mice carrying a 54-bp
deletion of a core region of DMR2 (ADMR?2) (24). This de-
letion leaves MAR?2 intact, as it removes only a small sequence
located about 300 bp upstream the MAR (Fig. 6A). Strikingly,
we found that in the livers of 7.5-day-old mice with paternal
transmission of the ADMR2 deletion, MAR2 attachment re-
mained at background levels (Fig. 6B). No significant effect
was detected on matrix association of other sequences in the
locus. This demonstrates that, on the paternal allele, the core
DMR?2 is required for MAR2 attachment. Finally, one also
confirms here that, in liver, the contribution of the wild-type
maternal allele to MAR2 attachment is insignificant.

DISCUSSION

In this work, we used allele-specific MAR assays and quan-
titative real-time PCR to perform a detailed analysis of the Igf2
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fragments containing MAR3 (A) or MAR2 (B and C) were assessed by real-time PCR quantification with a polymorphic Dral (MAR3) or EcoNI
(MAR?) site specific for SD7 mice (see Materials and Methods). (A) Relative allele abundance of MAR3 in matrix-associated DNA (pellet
fraction) from 7.5-day-old hybrid mouse liver. (B and C) Relative allele abundance of MAR?2 in matrix-associated DNA prepared from liver nuclei
of wild-type 7.5-day-old hybrid mice (B) or 7.5-day-old hybrid mice carrying a maternal deletion of the H79 region (H19A13) (18) (C, right panel).
(C, left panel) Matrix association pattern of Igf2 MARs in the liver of H19A13 mutant mice. The pattern of Igf2 MAR attachment in wild-type mice
(wt) is shown for comparison (data from Fig. 3A). (D) To assess the allelic specificity of MARO attachment in placenta, nuclear halos were digested
with HindIII and PstI (vertical bars) (left panel). The allelic ratio of the MARO restriction fragment in the matrix-associated DNA was calculated
with a polymorphic BamHI site specific for SD7 mice (right panel). Error bars show the standard deviation for two or three independent
experiments. dom, Mus domesticus. Symbols for female and male denote maternal and paternal alleles, respectively.

MARs during mouse development. We show that MAR3,
which is located 8 kbp downstream of Igf2, is constitutively
attached on both parental alleles in all tissues investigated,
whereas nuclear matrix association of the intragenic MARO
and MAR?2 is tissue specific and highly modulated during de-
velopment. This tissue specificity is remarkably consistent with
the known tissue specificity of the neighboring DMRs: MARO
and DMRO are placenta-specific (23) while MAR2 and DMR2
are active in liver (24).

Importantly, both MARO and MAR?2 attachments are re-
stricted to the paternal allele, while the neighboring DMRs
display opposite allelic methylation patterns. In placenta,
DMRO is preferentially methylated on the maternal allele (23)
while in liver, DMR2 is highly methylated on the paternal

allele (8, 32). Moreover, MAR2 becomes detached on the
paternal allele in 30-day-old mouse liver, while DMR2 remains
highly methylated (32), and, therefore, DNA methylation on
its own is clearly not sufficient to explain nuclear matrix at-
tachment. In mice carrying an H79 ICR deletion, where Igf2
imprinting is lost (18), MAR?2 is attached on both alleles (Fig.
5C, right panel). This experiment indicates that, on the mater-
nal allele, genomic imprinting impairs the activity of MARs
through the active ICR/CTCEF insulator. As CTCF has been
described to have an AT-hook motif distinct from the zinc
finger DNA binding motifs (1), it could directly contact MAR2
and prevent its attachment to the nuclear matrix. However, we
cannot exclude that the influence of the ICR may be more
indirect. This result reveals a functional link between MARs
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FIG. 6. Matrix association patterns of Igf2 MARs in liver of
ADMR?2 mice. (A) Map of the Igf2 intron 5/exon 6 region, showing the
position of CpG dinucleotides (lollipops) and the location of MAR2
relative to the core DMR2 region (CpGs 18 to 25) which is deleted in
ADMR?2 mutant mice (24). (B) Nuclear halos prepared from liver
nuclei of 7.5-day-old mutant mice with paternal transmission of the
ADMR? deletion (+/ADMR?2) were analyzed as described for Fig. 3A.
The pattern of Igf2 MAR attachment in wild-type mice (wt) is shown
for comparison (data from Fig. 3A). Double stars indicate significant

variations between mutant and wild-type mice. Error bars show the
standard deviation for two independent experiments.

and imprinting which is also reinforced by the finding that
MAR?2 nuclear matrix association depends on the adjacent
DMR?2 (Fig. 6).

Two previous studies have addressed the relationship be-
tween MARs and imprinting (12, 16). Using fluorescent in situ
hybridization techniques, both studies reported a preferential
association of one parental allele of the human SNRPN gene to
the nuclear matrix, the identity of which remains controversial.
In the case of the Igf2 locus, we show that each MAR has a
specific attachment pattern, even though they are separated by
only a few kilobase pairs. Furthermore, the patterns depend on
the tissue and the developmental stage. Such complexity may
explain the controversial data obtained for matrix attachments
at the SNRPN locus, which was analyzed by techniques of
lower resolution.

In the Igf2 gene, intragenic MAR activity appears closely
linked to expression. However, several lines of evidence clearly
demonstrate that, in our assays, MAR activity cannot be con-
sidered a mere consequence of gene activity. First, highly ex-
pressed genes such as gapdh (Fig. 3A) and HI19 (data not
shown) are weakly retained in our quantitative assays com-
pared to Igf2 MARs. Furthermore, in placenta (Fig. 4) and
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myoblastic cells (data not shown), the Igf2 gene body (includ-
ing MAR?Y) is not significantly retained in the MAR fraction
despite high expression levels. Finally, in the liver of embryonic
day 15 embryos and ADMR2 mutant mice, MAR?2 is inactive
despite significant Igf2 transcription levels (21, 24), demon-
strating that there is no direct correlation between MAR2
activity and Igf2 transcription.

We have previously postulated that a methylation-sensitive
factor may bind the methylated core DMR2 on the paternal
Igf2 allele, thus favoring transcription (24). This putative factor
may help to regulate the association of MAR2 with the nuclear
matrix. We propose that intragenic MARs and DMRs are part
of a common tissue-specific regulatory mechanism controlled
by genomic imprinting and required for high Igf2 expression
levels on the paternal allele. One attractive model is that
MARs induce a specific chromatin-loop organization that
would favor long-range interactions between the Igf2 gene and
distal enhancers downstream of the H19 gene. This model is
strengthened by preliminary results indicating that the
endodermic enhancers, located 8 kb downstream of the HI19
promoter, are also recovered from the nuclear matrix fraction
during liver development despite there being no predicted
MAR in this region (data not shown). It would also be consis-
tent with recent results demonstrating that, in the mouse, pro-
moters and distant enhancers physically interact in vivo (3).
Alternatively, MARs could act locally to stabilize the gene in
the transcription complex or serve as entry sites for chromatin
remodeling factors (27, 34) or components of the transcrip-
tional machinery.

Altogether, our work confirms that MAR attachment re-
flects in vivo epigenetic characteristics of MAR sequences,
most likely the presence of MAR-binding factors, and reveals
that the association of such factors is a new epigenetic feature
controlled by genomic imprinting at the Igf2 locus.
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